Two types of suspension-cultured Aquilaria microcarpa cells, friable and aggregated, were selectively generated. The biosynthetic activities of primary and secondary metabolites in target cells were detected using laser scanning microscopy (LSM) imaging with diphenylboric acid 2-amino ethyl ester (DPBA) and 9-diethylamino-5H-benzo[alpha]phenoxazine-5-one (Nile red) staining. Scanned friable cells produced weakly fluorescent images revealing low productivity of metabolites. On the other hand, scanning of aggregated cells produced clear fluorescent images depicting the accumulations of flavonoids and lipids. Furthermore, abundant deposition of an unknown resinous compound in extracellular portion of aggregated cells could be visualized. The resinous compound was white to whitish-gray in color and highly sedimented in the medium. Based on these observations, we focused our investigation of metabolite productivity on aggregated suspension cells. Some prominent extracellular compounds were detected in the used liquid medium, as well as in the resinous residue within the medium. The characteristics of these metabolites were investigated in detail via gas chromatography-mass spectrometry (GC-MS) analysis.
Aquilaria plants, referred to as agarwood, produce heavy biological resinoids in their trunks in response to physiological stresses such as mechanical wounding and microbial infection [1] . One important and unique characteristic of agarwood is the abundant deposition of several fragrant constituents of its resinous tissues; because of this characteristic, agarwood has seen wide use as a fragrant ingredient of ceremonial incense in Asian countries such as Japan. It is also a crucial ingredient in some traditional medicines, because of its antiemetic, sedative, and digestive properties (detailed information is available at http://www.cites.org/common/com/pc/15/X-PC15-06-Inf.pdf) [2] . The chemical, physiological, and molecular biological aspects of Aquilaria plants have recently been described. For example, several sesquiterpene biosynthetic enzyme genes, such as farnesyl diphosphate synthase and -guaiene synthase, were isolated from Aquilaria plants, and their catalytic specificities and inducible nature were studied extensively [3] [4] [5] . Furthermore, systematic experiments were conducted to characterize the molecular biological properties of the genes involved in the terpenoid biosynthesis carried out in the plants [6] . Cell and tissue culturebased approaches such as plant regeneration, and callus and suspension culture have also been described [7] [8] [9] . In these studies, the effects of plant growth regulators and the optimal composition of culture media for the establishment of viable cell and tissue culture protocols were investigated. Furthermore, the major constituents and the biosynthetic activities of Aquilaria plants were investigated using suspension cultures [10, 11] . These facts suggest that Aquilaria has the potential to act as a cell culture model for the investigation of variations in several biochemical and physiological mechanisms, such as the induction of latent biosynthetic activity of primary and secondary metabolites, and the transport and/or secretion of these compounds into appropriate cellular structures or apoplastic spaces. These mechanisms are key factors in understanding the basic physiology of the target plant and the establishment of a bioreactor system utilizing plant cultured cells for the production of natural compounds. At present, however, little information is available concerning the relationship between the phenotypes of cultured Aquilaria cells, and the production of primary and secondary metabolites. In light of this, we have attempted to establish suspension cell cultures of A. microcarpa with unique phenotypes. The main objective of this study was detailed identification of the histochemical and metabolic features of the selected suspension cell cultures, by using LSM imaging and GC-MS analysis.
Aquilaria calli actively proliferated from snips and the cut edges of leaf segments during the first 2-4 weeks of culture ( Figure 1A) . These calli were grown in the same MS medium conditions as previously described [3] . The addition of 680 mg L -1 KH 2 PO 4 to the original MS medium (MSp680, [12] ) was quite effective in enhancing the growth of Aquilaria cells. Suspension cells were obtained by transferring approximately 2 g of calli to a mixture of 3 M 2,4-D and 3 M BA containing modified liquid MSp680 medium. As shown in Figure 2 , the biosynthetic activity of primary and secondary metabolites in suspension cells was visualized using LSM imaging in combination with DPBA and Nile red staining. Positive fluorescent images scanned from a portion of the suspension cells clearly showed an accumulation of flavonoids and lipids. By using the prominent emission spectra obtained from the images, we could quantitatively evaluate productivity of several different metabolites in each individual cell mass (Lambda scan mode). Interestingly, two different types of suspension cultured cells, both friable and aggregated, could be seen in the subcultures. We carefully manipulated and selected the two types of cell cultures using sedimentation and decantation techniques. First, liquid suspension cells (2-3 weeks old) in a culture flask were gently resuspended and allowed to rest for ca. 2 min. Two prominent cell layers, i.e. friable cells in the upper layer, and aggregated cells in the lower layer, were obtained. The cell layers were separated into new MSp680 medium, the upper layer via decantation, and the lower layer via pipetting. After several rounds of sub-culturing, the friable and aggregated suspension cells proliferated homogenously, as shown in Figure 1B . The phenotypes of these suspension cultures were characterized as follows. The aggregated cells, which contained yellow to red fluorescent dots, had a lower growth rate than those of the friable type (META scan mode, see Figure 3 ). Furthermore, the abundant deposition of an unknown resinous compound in the extracellular portion of aggregated cells showed bluish-yellow auto-fluorescence. This resinous compound was white to whitish-gray under white light, and highly sedimented in the medium used to grow the aggregated type cell cultures, whereas little to no residue could be seen in the medium used to grow friable type cell cultures (see Figure 1B) . The friable type, which consisted of partially vacuolated cells, was semitransparent and had a high growth rate.
Based on these findings, we investigated metabolite productivity by analyzing the aggregated suspension cultures using GC-MS analysis (Figure 4) . The principal peaks detected in the cell extract sample were assigned to be fatty acid derivatives, such as palmitic acid Table 1 ) and mass spectra (data not shown). Compounds C and D were determined to be 2-(2-phenylethyl) chromone derivatives. The structures of the chromone derivatives were predicted as previously described [10, 11] . The detailed characteristics of the identified compounds (1-12) are summarized in Table 1 .
The following results were obtained via the above experiment: (1) we could selectively generate novel suspension-culture phenotypes, a friable type, which grew prolifically and was comprised partially of vacuolated cells, and an aggregated type, which displayed apoplastic secretory features with a high level of biosynthetic activity. (2) In the resulting suspension culture models, especially those of the aggregated type, LSM and GC-MS were used to identify endogenous and exogenous biosynthetic activities, and the production of primary and secondary metabolites such as fatty acids, flavonoids, terpenoids, and resinoids, including chromone derivatives. In intact Aquilaria plants, physiological stresses such as mechanical wounding and microbial infection are key factors in the production of resinous tissues. In suspension-cultured cells, methyl jasmonate (MJ), a known stress-inducing plant hormone, was an exogenous enhancer of the expression level of the farnesyl diphosphate synthase gene [3] . The addition of yeast extract (YE) to the medium was also effective in up-regulating the expression level of the sesquiterpene biosynthetic enzyme, -guaiene synthase [13] . MJ and YE treatments did not play a significant role in the selective generation of the aggregated cell type (data not shown). Figure 4 ).
Peaks Retention indices
Identified In addition, we could not find any microbial contamination in the suspension cultures. Although some factors influencing the apoplastic secretion of resinous compounds are still unknown, it is safe to say that the suspension culture model is quite effective for investigating how Aquilaria cells transport and/or secrete these compounds into cellular structures or apoplastic spaces. Detailed studies are now in progress aimed at the characterization of the morphological, physiological, and molecular biological events involved in the regulation of interrelated biosynthetic activity and productivity of A. microcarpa cells. [14] , as described previously [3] . Suspension cell cultures were initiated from ca. 2 g fresh weight of calli in 100 mL of liquid modified MS medium supplemented with 680 mg L −1 KH 2 PO 4 , 3 M of 2,4-dichlorophenoxyacetic acid (2,4-D) and 3 M of N 6 -benzyladenine (BA) in a 300 mL flask. The flasks were placed on a rotary shaker with a speed of 100 rpm at 25°C under dark conditions. A portion of the liquid suspension cells (ca. 5 mL) was transferred to fresh medium every 2-3 weeks.
LSM imaging: Suspension cells were stained with the fluorescent staining reagents, diphenylboric acid 2-amino ethyl ester (DPBA) and 9-diethylamino-5H-benzo[alpha]phenoxazine-5-one (Nile red), and analyzed using a laser scanning microscope (LSM510 META, Zeiss). The staining protocols and selective fluorescence patterns were as shown in previous reports [15, 16] 782 Natural Product Communications Vol. 10 (5) 2015 Ogita et al.
GC-MS analysis:
A portion of the suspension cells (500 mg fresh weight: FW) was extracted in 2 mL acetone overnight at room temperature. The acetone solution was concentrated to approximately 10 L under nitrogen flow (cell extract sample). Twenty mL of ethyl acetate was added to the same volume of used medium, after which a liquid-liquid extraction was conducted to obtain an ethyl acetate phase. The obtained organic phase was dried over anhydrous Na 2 SO 4 and then concentrated to approximately 10 L under nitrogen flow (medium sample). Resinous compounds were collected from a portion of used medium via centrifugation (7,000 rpm, 15 min), then dried under vacuum. The resulting solid (20 mg dry weight: DW) was dissolved in 2 mL acetone overnight at room temperature (resin sample). The samples were then analyzed via GC-MS (Shimadzu, GCMS-QP5000; Agilent, J&W DB-1ms 0.32 mm  30 m column). Each sample was injected at 50˚C in the splitless mode. After a 2 min hold, the oven temperature was increased at a rate of 2˚C/min to 270˚C. The carrier flow (He) was set at 1.4 mL/min. The injection port was adjusted at 250 o C, and the interface temperature was 250˚C. The mass range was set at m/z 40 to 400. The identification of compounds was based on comparison of retention indices and mass spectra with those in the NIST02 and Wiley7 MS databases.
